The human RRM2P4 pseudogene has a pattern of nucleotide polymorphism that is unlike any locus published to date. A gene tree constructed from a 2.4-kb fragment of the RRM2P4 locus sequenced in a sample of 41 worldwide humans clearly roots in East Asia and has a most-recent common ancestor approximately 2 Myr before present. The presence of this basal lineage exclusively in Asia results in higher nucleotide diversity among non-Africans than among Africans. A global survey of a single-nucleotide polymorphism that is diagnostic for the basal, Asian lineage in 570 individuals shows that it occurs at frequencies up to 53% in south China, whereas only one of 177 surveyed Africans carries this archaic lineage. We suggest that this ancient lineage is a remnant of introgressive hybridization between expanding anatomically modern humans emerging from Africa and archaic populations in Eurasia.
Introduction
Recently, Hammer et al. (2004) analyzed global human nucleotide variation at 15 X-linked loci, one of which stands out as unique in its pattern of polymorphism. In a global sample of 41 individuals, sequence variation at the ribonucleotide reductase M2 subunit pseudogene 4 (RRM2P4) is partitioned into two divergent, basal lineages. Both of these lineages are found in Asia, whereas only one is found in subSaharan Africa (fig. 1B ). The two lineages differ by five fixed mutations, leading to an estimate for the time to a mostrecent common ancestor (TMRCA) that is approximately 2 Myr before present (B.P.). Such long basal branches of the global RRM2P4 genealogy are not expected under a neutral panmictic model (Wall 1999 (Wall , 2000 . Moreover, a gene tree that roots in Asia has not been previously observed in published human nucleotide polymorphism data sets (e.g., Takahata, Lee, and Satta 2001) and raises intriguing questions concerning the origin and expansion of anatomically modern humans. In this paper, we explore the possibility that polymorphism at RRM2P4 recovers a history of admixture between Homo sapiens and an archaic Asian form of Homo before the latter went extinct in the late Middle Pleistocene (Swisher et al. 1996) .
Methods
The methodology and samples used to assay nucleotide polymorphism at the RRM2P4 locus has been previously reported by Hammer et al. (2004) . Summary statistics were calculated with the computer application DnaSP version 3.99 (Rozas et al. 2003) . The TMRCA was estimated by dividing the observed net pairwise nucleotide differences between lineages (D A [Nei 1987] ) by twice the mutation rate. We also used a maximum-likelihood approach to estimate the TMRCA with the computer program GENETREE version 9.0 (Griffiths 2002 Figure 1A depicts the 13 polymorphic sites we observe in a total of 2,385 bp of RRM2P4 sequence, and table 1 lists summary statistics for the locus. Although levels of nucleotide diversity are only slightly higher than the genomic average (Yu et al. 2002) , RRM2P4 is one of the few surveyed loci that exhibits more variation in non-Africans than in Africans. It is worth noting that this RRM2 pseudogene is located in a region with a high rate of crossing-over (;3.6 cM/Mb) and a low gene density on Xq27.3 (Hammer et al. 2004) . Despite its genomic context, our 2.4-kb fragment shows no direct evidence of historical recombination by the four-gamete test of Hudson and Kaplan (1985) . This result is not unexpected, because complete linkage disequilibrium is known to extend beyond 2.4 kb in both African and non-African populations (Reich et al. 2001 ). However, this lack of recombination does permit reconstruction of a single, nonreticulating gene tree ( fig. 1B) . The genomic context of RRM2P4 makes it less likely that the elongated basal branches are the result of linkage to a functional site(s) subject to some form of balancing selection. Additionally, there are more restricted conditions for a X-linked balanced polymorphism compared with the Key words: hybridization, human origins, polymorphism, population subdivision, pseudogene. E-mail: mfh@u.arizona.edu.
Results and Discussion
autosomes (Hedrick and Parker 1997) . Indeed, the frequency spectrum of mutations at RRM2P4 does not reject the null hypothesis of neutral mutation-drift equilibrium (Tajima's D statistic ¼ 20.206 , P ¼ 0.489) (table 1).
Outgroup sequencing reveals that there are 18 nucleotide substitutions between human RRM2P4 sequences and one common chimpanzee (Pan troglodytes) sequence and 62 substitutions between human sequences and one orangutan (Pongo pygmaeus) sequence. The humanchimpanzee comparison yields a neutral mutation rate of 7.4 3 10 210 substitutions per site per year (assuming a 6 Myr human-chimpanzee divergence time). This rate is only slightly slower than the mean 15-locus rate calculated with the data of Hammer et al. (2004) of 8.4 3 10 210 per site per year. Utilizing sequence from all three species, the relative rate test of Tajima (1993) does not reject a constant rate of nucleotide substitution at the RRM2P4 locus (v 2 ¼ 0.39, P ¼ 0.532). If we combine the neutral mutation rate given above with an average of 8.25 nucleotide differences observed between the two human RRM2P4 lineages, then we can estimate that the two lineages diverged approximately 1.96 MYA. This estimate is in reasonable agreement with a TMRCA of 2.44 Myr B.P. obtained from the coalescent-based maximum-likelihood method of Griffiths (2002) , which assumes a panmictic population of constant size (fig.1B) . This places the most-recent common ancestor of RRM2P4 in the late Pliocene, a time when the genus Homo first appears in the fossil record (Wood and Collard 1999) . The maximum-likelihood method also estimates that the effective population size of RRM2P4 is approximately 25,000. Two other surveyed X-linked loci (DMD44 and PDHA1) yield comparably large TMRCAs and effective population sizes (Hammer et al. 2004; Harris and Hey 1999) and may also provide evidence of ancient population structure (Harding 1999) .
The Asian RRM2P4 lineage is found exclusively in three of 31 sampled non-Africans (a Japanese, a Chinese, and a Melanesian individual), whereas the other, more diverse, lineage constitutes the entirety of African and the majority of non-African variation. To obtain a better estimate the frequency of the Asian lineage and to test for its presence in Africa, we genotyped the SNP occurring at position 2020 ( fig. 1A ; also see Methods) in a total sample of 570 African and non-African individuals representing 17 populations. Figure 2 shows the observed geographical distribution of the Asian lineage. There appears to be a decreasing frequency gradient centered on southern China, where the Asian lineage reaches a maximum of 53% in the NOTE.-n is the number of individuals sampled; S is the number of polymorphic sites; h W is Watterson's (1975) estimate of 3 Nm per nucleotide site (N is the effective population size and m is the neutral mutation rate); p is the average nucleotide heterozygosity; D-Tajima's (1989) neutrality statistic.
Yao of southern China and 29% in the Han Chinese. The Asian lineage is present in only one of 177 sampled Africans (0.6%). This geographical pattern is consistent with a Southeast Asian origin of this 2-Myr-old lineage.
If we accept that the mutations occurring at the RRM2P4 locus are selectively neutral (and, therefore, influenced only by demographic history), then there are two alternative explanations for its unusual pattern of polymorphism. The first alternative is that the long basal branches are simply the chance result of genetic drift in a large, panmictic ancestral population. It is possible that the divergent, basal lineage was carried out of Africa and subsequently lost in Africa and/or increased in frequency in Asia by genetic drift. Second, it may be the result of recent admixture between two divergent populations; that is, the expanding anatomically modern human population and Homo erectus. Distinguishing between these two alternatives proves difficult, given the low power afforded by any single locus (Nordborg 2000; Wall 2000) . To achieve greater single-locus power, it is preferable to examine patterns of polymorphism over physical distances approximately 20 to 30 kb in length (Wall 2000) .
Conclusion
Polymorphism occurring at the RRM2P4 locus is unique in that it clearly roots in East Asia, has an ancient TMRCA, and also yields higher non-African than African nucleotide diversity. Our SNP assay estimates that the Asian lineage is found at less than 1% in African populations. The distribution of the Asian lineage strongly suggests an Asian origin but should not be taken as definitive proof that it did not originate in Africa. The Asian lineage appears to have diverged from the globally distributed portion of the genealogy approximately 2MYA. It is interesting to note that this estimated divergence time is concordant with the age of the oldest Homo erectus fossils found outside of Africa (Gabunia et al. 2000) . Following further lines of investigation, if panmixia at the RRM2P4 locus can be rejected, it would have important implications for our view of Homo sapiens as a species. Any degree of dual ancestry in the modern human genome would either demonstrate that the transition to an anatomically modern form did not occur in an isolated, panmictic population (Cann, Stoneking, and Wilson 1987) or that replacement of preexisting hominid populations was incomplete (e.g., Brauer 1989; Smith, Falsetti, and Donnelly 1989) .
